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ABSTRACT:  The asphaltene aggregation and subsequent precipitation in nonpolar media may 
have a profound effect on plugging wellbores and production equipment. Continuing our work 
on controlled release of asphaltene inhibitor by using nanoemulsions (NEs), this work provides 
new evidence from optical measurement and reveals the release mechanisms kinetically. 
Multiple light scattering (Turbiscan) and dynamic light scattering (DLS) have been used to study  
³in situ´  WKHHIIHFWLYHQHVVDQGSHUIRUPDQFHRIFRQWUROOHGUHOHDVHE\ WKUHHFDVHVRQDVSKDOWHQH
aggregation/precipitation: i) strong organic acids (dodecyl benzene sulfonic acid, DBSA), ii) 
nanoemulsions (blank NEs), and iii) nanoemulsions loaded with DBSA (DBSA NEs). The 
results suggested that the new approach reduced the amount of asphaltene inhibitor by ~ 20 times 
and achieved high asphaltene inhibition efficiency ~84 % with prolonged release time. A 
mechanistic understanding of the controlled release effect was proposed based the effect of 
DBSA NEs on the asphaltene particle morphology variation, which was related to the 
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hydrophiliFLW\ RI '%6$ DQG WKH VWURQJ LQWHUPROHFXODU LQWHUDFWLRQV DPRQJ DOO '%6$ 1(¶V
components. The release mechanism of the asphaltene inhibitor from the NE was compared with 
eight release models, and was found to follow the Korsmeyer-Peppas kinetic model. 
KEYWORDS: Controlled release; release kinetic; asphaltene inhibitor, nanoemulsions, 
asphaltene precipitation and stability. 
1- Introduction  
Asphaltenes are macromolecules containing aromatic and naphthenic cores, aliphatic chains, and 
heteroatoms such as oxygen, nitrogen, or sulfur [1]. Even in low concentrations, asphaltene 
molecule is prone to aggregate and precipitate, causing plugging of pipelines and process 
equipment such as pumps, heat exchangers, or separator tanks [2-7]. Chemical treatment using 
asphaltene inhibitors (AI) is considered as one of the most common strategies to prevent 
asphaltene precipitation [8,9]. However, it has a major problem due to the loss a large amount of 
chemicals, resulting in high treatment cost [10]. Using high concentrations of inhibitor tends to 
produce self-associations in the bulk rather than adsorption on asphaltene, reducing their 
effectiveness [11,12]. More recently, a considerable work has grown up around the use of oil/ 
water nanoemulsions (NEs) in breaking down asphaltene emulsions [13, 14, 15]. However, 
efficient methods of enhancing long-term asphaltene stability with reduced AI amount are still 
much demanded.  
Instead of releasing drugs inside a body, NEs are used to release chemicals (i.e. surfactant or 
polymer) inside a nonpolar media in the oil and gas reservoir either for enhance flow assurance 
or environmental remediation. In the previous study [16], we developed a novel concept for 
controlled delivery and release of AI by using NE to control asphaltene precipitation under 
dynamic force (i.e., centrifugal force). LUMiSizer was utilised to study the effectiveness and 
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performance of controlled release by three cases on asphaltene sedimentation. It showed that the 
new concept could provide tremendous value by i) improving the stability of the asphaltene, ii) 
reducing the usage of AI, and iii) extending the treatment time. In one example study, the 
optimum inhibitor concentration for completely stabilizing asphaltene can be reduced by ~20 
times by using NEs. The total chemical amount was reduced by 10% even by considering all 
chemicals used in producing NEs. In addition, the release time was greatly extended and a 
VLJQLILFDQWGHOD\RIDVSKDOWHQHSUHFLSLWDWLRQLHDGHOD\IURPSXUHDVSKDOWHQHVROXWLRQRI(?V
to (?VZDVREVHUYHGLQWKHSUHVHQFH1(%\SURPRWLQJVORZHUUHOHDVHDQGSURYLGHORQJ-term 
stability with reduced chemical usage, this novel concept could have obvious implication on 
asphaltene inhibition.  The experiment showed that the release of AI from NE depends on the 
interactions of surfactants used for the fabrication of NEs, and the subsequent change of the 
overall polarity and hydrophobic characteristics. However, the release kinetics and mechanism 
are still unclear.  
While controlled delivery techniques are increasingly used for a range of industries such as 
fragrances in personal care products, insecticides in agrochemicals, nutraceuticals in foods, and 
drugs in pharmaceuticals, there remain significant limitations for both the characteristic and the 
kinetic release profile that can be achieved [17]. In most of drug release cases, theoretical 
fundament does not exist, and empirical equations are generally used [18]. The use of 
mathematical modelling turns out to be very useful as this approach enables, in the best case, the 
prediction of release kinetics [19].  
In this paper, we conducted a detailed release kinetic study by employing optical technique to 
monitor the release profile. Three case studies were performed on the stability of asphaltenes: i) 
strong organic acids (dodecyl benzene sulfonic acid, DBSA), ii) nanoemulsions (blank NEs), and 
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iii) nanoemulsions loaded with DBSA (DBSA NEs). Those important physical parameters, such 
as the AI release rate and time, were obtained.  Not only providing new evidence to support our 
previous concept, the date are proceeded and compared with eight established mathematical 
models, to elucidate the release mechanism.  
 
2. EXPERIMENT AND METHODS 
2.1. Materials  
Analytical grad materials including crude oil, xylene (> 98.5%), n- heptane (extra pure ı 98%), 
Toluene (extra pure ı  98%), dodecyl benzene sulfonic acid (DBSA), Tween 80 (sorbitan 
monooleate), and sodium benzene sulfonic acid (SDS) were purchased from Sigma-Aldrich 
company.  
2.2. Methods and measurement 
2.2.1. Synthesis of nanoemulsions  
The successful long-term stability of AI inside NEs requires different materials than currently 
used (surfactants) to create impermeable barriers that can arrest the diffusion of AI from the 
nanodroplet core. As an example study, DBSA is used in this work to provide steric and 
electrostatic repulsion together with hydrophobic and acid- base interactions between its 
molecules and ionic/non-ionic surfactants (i.e., synergistic effect). The procedure of synthesis of 
NEs with the presence and absence of AI was elaborated in the previous study [16], as depicted 
in the schematic diagram in Figure 1. Table 1 shows the composition and concentrations of all 
three cases used in this work. 
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Figure 1: Schematic diagram of synthesis procedure of DBSA NE and the release kinetic during 
long time. 
Table 1:  The composition and percentage of all three cases used in this work. 
 
 
 
 
2.2.2. Asphaltene extraction and preparation of solution. 
The separation of asphaltenes was carried out according to ASTM D2007 by mixing crude oil 
with n-heptane at a volume ratio of 1:40, which is known to destabilize asphaltenes and to give 
rise in asphaltene precipitation. The procedure of asphaltene extraction was reported previously 
[16]. For preparation of asphaltene solution, a (0.025 w/v %) of the asphaltene was prepared in a 
mixture of two solvents: Toluene / heptane (Heptol) volume ratio of 60:40. To examine the effect 
Sample  DBSA 
(vol.%) 
xylene 
(vol.%) 
Tween 
80 (vol.%) 
SDS 
(vol.%) 
Water 
(vol.%) 
DBSA  4.0 ------ ------ ------ ------ 
Blank NE ------ 7 9.9 0.1 83 
BDSA NE 1.0 7 9.9 0.1 82 
Water and Surfactants  
(Tween-80, SDS)  
DBSA Xylene  
Time 
DBSA 
DBSA NE 
(Tween-80, SDS)  DBSA release 
Sonication  
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of DBSA, blank NEs, and DBSA NEs on asphaltene precipitation, samples were slowly added to 
asphaltene solutions under shear action in a (IKA T2S digital/Ultra-Turrax) homogenizer at a 
rotation speed of 8000 rpm until complete incorporation of the NEs into the asphaltene solution.  
2.3. Characterization 
The determination of asphaltene molecular structure was carried out using X-ray diffractometer 
(XRD Bruker D8). The XRD patterns of asphaltene samples consists of four major peaks or 
EDQGV QDPHO\ Ȗ -band, graphene (or 002) band, (10) band, and (11) band. These bands for a 
typical XRD pattern of asphaltene sample extracted from Iraqi crude oil are illustrated in Figure 
7KHȖ- band reflects the spacing between aliphatic layers (aliphatic chains or saturated rings) 
that occurs from the X-rays scattered by the condensed naphthenic rings or the aliphatic chains, 
ZKLFK DSSHDUV DURXQG ș   Û ZKLOH WKH JUDSKHQH EDQG UHIOHFWV WKH VSDFLQJ EHWZHHQ WKH
DURPDWLFOD\HUVZKLFKDSSHDUVDURXQGș Û7KHDQGEDQGVUHIOHFWLRQVFRPHIURP
the inplan structure of aromatics, which reveal the average diameter of the aromatic sheets. The 
(11) band is generally very weak and often not seen for its very low intensity compared to the 
EDQGDQGWKHUHIRUHWKHEDQGDWDURXQGș ÛLVQRUPDlly adopted in the calculation 
[20].  These findings reflect those of Yen et al. [21] and AlHumaidan et al. [22].  
TEM (FEI Titan Themis Cubed 300 TEM) was employed to the influence of DBSA NEs on the 
asphaltene particles sizes and the morphology of these particles after the adsorption and slowly 
release. Prior to TEM analysis, samples were dispersed on a TEM grid (holey carbon film, 400 
Cu Mesh from Agar Scientific).   
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Figure 2: XRD pattern of asphaltene. 
2.4. The stability of asphaltene using multiple light scattering 
The static stability of asphaltene was evaluated In-situ by a Turbiscan instrument (Formulaction, 
France). The sample in the cell was at level (40 mm), and two types of measurements were 
carried out: i) whole sample scanning continuously for 15 hours where the change in 
transmissions with position of sample were recorded, and ii) fixed position scanning where the 
transmissions as a function of time were measured at 25 mm from the top of the sample. 
Unstable asphaltene forms large particles that precipitate quickly, while stable asphaltene tends 
to form small aggregates that show small changes in the transmittance profile. Moreover, 
stability was also assessed by means of the separability number (SN), which is defined as the 
standard deviation of the average transmittance. A value lower than 5 indicates high asphaltene 
stability, and greater than 10 suggests that the asphaltene is unstable, whereas a value between 5 
and 10 means medium stability [23, 24]. The transmission of asphaltene sample and treated 
samples were recorded as (%Tasph.) and (%Ttreated) respectively. The asphaltene sample was 
C
o
u
n
ts
  
Ȗ- band 
(002)- band 
(11)- band 
(10)- band 
Position (2ș)  
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shaken again on the vortexer such that all the asphaltenes were dispersed in the solution and the 
transmission was recorded as 100% dispersion (100% Asph. dispersion). The percent inhibition 
(A.I %) was calculated from transmission measurements as per the equation [25]:  
                  Ǥ ሺ ?ሻ ൌ  ? ? ?െ ൤ ?் I?I?I?I?I?I?I?ି ?஺௦௣௛Ǥ I?I?I?I?I?I?I?I?I?I? ?் I?I?I?I?Ǥି ?஺௦௣௛Ǥ I?I?I?I?I?I?I?I?I?I?൨ D? ? ? ?                                               (1) 
2.5. Asphaltene inhibitor release study 
Membrane diffusion (i.e. dialysis) method is considered as one of the most convenient 
techniques for determining the drug release profiles of nano-sized drug delivery systems like 
nanoparticles, liposomes, nanosuspensions, emulsions [26-28]. With the same mechanism and 
methodology, the dialysis bag (12 kDa) was filled with known amount of DBSA NEs, which was 
immersed into 300 ml of Heptol/ethanol mixture (7:3 in volume) (i.e., acceptor) [28]. Similarly, 
DBSA dissolved directly in xylene was also filled into the dialysis bag. Four DBSA 
concentrations in both cases were used: 1.0 vol. %, 2.0 vol. %, 3.0 vol. % and 4.0 vol. %. The 
release and transport of DBSA from the dialysis bag into the acceptor medium could be 
accelerated using a magnetic stirrer and was set to 400 rpm to assure constant agitation of the 
acceptor compartment. A total of 1 ml of sample was collected at predetermined time interval 
and equal volume of acceptor medium was replaced. DBSA was quantified using UV-visible 
spectrophotometry, at the wavelength of 320 nm, based on previously prepared calibration curve 
using the following equation: 
                       ሺ ? ሻ ൌ ୈ୆ୗ୅୧୬୰ୣୱ୮ୣୡ୲୭୰୫ୣୢ୧ୟ୘୭୲ୟ୪ୈ୆ୗ୅ୟୢୢୣୢ ൈ  ? ? ?                                          (2) 
The existing experimental method for measuring AI release kinetics is shown in Figure 3. 
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Once the profiles of released and transport DBSA through the membrane from NEs and xylene 
were obtained, different models could be used to fit the results in order to study the kinetics of 
DBSA released through membrane between 0 and 24 h. The release kinetics was determined by 
linear regression analysis of the release curves in eight models: zero order (cumulative amount 
(%) of inhibitor released with time), first order (log cumulative amount (%) of inhibitor released 
with time), Higuchi (cumulative amount (%) of inhibitor released with the square root of time), 
Korsemeyer-Peppas (log cumulative amount (%) of inhibitor released with log time), Hixon±
Crowell, square root of mass, three seconds root of mass and Baker±Lonsdale models [18,29], as 
summarized in Table 4. The best-fit kinetics model was selected based on the based on the 
highest coefficient of determination (R2). 
 
Figure 3: Schematic of the inhibitor release through a dialysis membrane. A) Direct loading 
method (DBSA in xylene) and B) DBSA NEs. Inhibitor releases through the dialysis membrane 
into the outer compartment holding release medium. 
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2.6. Methodology applied in the construction of transmission % ± cumulative inhibitor 
released % (point-to-point relationship) 
In order to validate the best-fit kinetics release model to stabilise asphaltene, the membrane 
dialysis method data (% cumulative of DBSA released versus time) was retrieved from studies 
described in Section 2.5, and the Turbiscan technique data (% transmission versus time) was 
obtained from a study described in Section 2.4. This relationship was generated by plotting the % 
cumulative of DBSA released on the X-axis and the corresponding % transmission on the Y-axis 
at same time points. The model (linear or polynomial) with the best regression coefficient was 
selected and used for validation. 
3. Results and discussion 
3.1. The stability of asphaltene using optical techniques 
 $QDQDO\WLFDOVWDELOLW\RIDVSKDOWHQHWHFKQLTXHWKH7XUELVFDQKDVEHHQUHFHQWO\XVHGDV³in situ´
tool to characterize the stability of colloidal dispersions for early formulation stability within 
shorter and longer timescales [30-32]. However, this technique has received little attention in the 
field of asphaltene sedimentation or precipitation. The multiple light scattering method is 
adopted in this work to examine the effect of controlled release by investigating the stability of 
asphaltene particles by three case studies with: i) DBSA, ii) blank NE, and iii) DBSA NE, as 
below: 
The results demonstrate that when the asphaltene is destabilized by the addition of n-heptane 
(0.025 w/v % asphaltene in 60:40 volume ratio Heptol), the transmission of asphaltene showed 
an increase with time, resulting in a quick formation of aggregation into larger structures, settling 
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down faster. However, after the addition of 4 vol. % DBSA to the asphaltene solution, the 
asphaltene particles are sterically stabilized by the presence of DBSA molecules on the 
asphaltene particle. Under this condition, the individual particles are kept into the asphaltene 
sample without any aggregation or sedimentation. In addition, no significantly change in 
transmission for asphaltene solution was observed after 24 h under gravity force, as shown in 
Figures 4b and 5. This can be attributed to the effectiveness of DBSA to interact with asphaltene 
molecules, which is kept the asphaltenes well-solubilized in the solution; as a result, the 
transmission remains unchanged within 24 h.  
The transmission data for asphaltene particles with blank NEs is considered in Figures 4c and 5.  
It is obvious that the transmission is seen to progress in a linear fashion with time. For asphaltene 
with 20 vol. % blank NE sample, the transmission decreases compared with the transmission for 
asphaltene solution over extended times; therefore, these findings suggest that the NEs have a 
moderate influence on asphaltene stabilization comparing with using 4 vol. % DBSA. The 
stability behaviour can be attributed to the presence of components of blank NEs such as water, 
surfactants, and xylene that interact with asphaltene molecules. 
In the case of the addition of DBSA NEs, the transmission slightly increases after 2 h due to 
settle down of large asphaltene particles and then gradually decreases within extended time, 
which indicates that the release effect plays a significant role in the process. It may be assumed 
WKDW LQ WKLVFDVH WKH'%6$DQGRWKHU1(¶VFRPSRQHQWVZHUHSURJressively released from NE 
and interact with asphaltene molecules, which is saturated the H-bonding sites of asphaltenes and 
the fact that it interacted with both the periphery and aromatic cores of asphaltenes, suggesting 
that the asphaltene is prevented from interacting laterally between themselves and kept well-
solubilized in the solution i.e., increasing the stability of asphaltene. These interactions are 
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Last profile  
First profile  
Decreasing transmission (stabilization)   
(a) 
(b) 
(c) 
(d) 
Destabilization  
Last profile  
First profile  
almost certainly due to acid-base interaction, hydrogen bond, polar-ʌ LQWHUDFWLRQ FDWLRQ-ʌ
interaction and aromatic ± aromatic interaction. These interactions can also promote further 
electrostatic interactions with other ion pairs. For example, the hydroxyl group in the chain 
length can form H- bonding with water or surfactants, whereas the nitrogen in the aromatic core 
FDQSURYLGHDFLGíEDVHDVZHOODV+-bonding interactions with DBSA. Therefore, using a small 
amount of DBSA (1 vol. %) with other components in the DBSA NEs is sufficient to produce a 
complete coverage of the individual aggregates. Figure S1 in the Supplementary Information 
shows a schematic attachment of DBSA NE components with asphaltene.  
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Figure 4: Transmission profiles for (a) asphaltene, (b) 4 vol. % DBSA, (c) 20 vol. % blank NE, 
and 20 vol.% DBSA NE during 15 h of continuous test at 25 °C. 
 
Figure 5: Transmission profiles at fixed position (25 mm) for asphaltene, 4 vol. % DBSA, 20 
vol. % blank NE and 20 vol. % DBSA NE during 24 h of continuous test. 
The effect of these three cases on the stability of asphaltene is further examined by determining 
the separability number (SN) (%). Interestingly, the asphaltene with 4 vol. % DBSA reduces SN 
from 12.18 (for asphaltene solution) to 2.76, indicating that asphaltene stability is increased. 
However, asphaltene with blank NEs reduces SN to 7.22. It can thus be suggested that the 
DGGLWLRQRIEODQN1(VWRDVSKDOWHQHVROXWLRQFDWHJRUL]HVWKHPDVPRGHUDWHO\VWDEOH´ZKHQWKH
separability number is between 5 and 10. 
Coming back to the topic of the role of DBSA NEs in asphaltene stability, these experiments 
have shown that there is a significant effect of the DBSA NEs on asphaltene stability by reducing 
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SN from 12.18 to 2.9. Therefore, the results of stability as found by separability number are more 
superior, accurate and highly sensitive. 
The percent of asphaltene inhibition (A.I %) was also calculated from each transmission by using 
Eq. (1) to evaluate the performance of three cases on asphaltene stability. These findings for 
average transmission, A.I %, and SN data provide further comparison between the three cases, 
which show that asphaltenes treated by 20 vol. % DBSA NE has similar effect as that of 4 vol. % 
DBSA. However, the treatment by 20 vol. % blank NE still has some effect but less strong the 
other two. To illustrate the effect of inhibitor (i.e. DBSA) reduction, the transmission, A.I %, and 
SN are plotted in Figure 6. Using 20 vol.% DBSA NEs (i.e., containing 0.04ml DBSA) give 
nearly the same values of average transmission, SN, and A.I % as that of 4 vol.% DBSA (i.e., 
about 0.8 ml). Therefore, the amount of AI (% RAI) is decreased by 95%. Although DBSA NEs 
contain different chemicals such as xylene, surfactants, and DBSA, the total chemicals (% RTC) 
are again lower than 4 vol.% DBSA by a factor of 10%, as shown in clearly in the detailed 
materials balance are shown in Tables S1 in the Supplementary Information. These results in 
good agreement with the previous work [16] for reducing AI amount and the total chemicals 
used, which found that 4 vol. % DBSA and 20 vol. % of DBSA NEs gave the same values of 
instability index and sedimentation rate. 
Furthermore, the results of the efficiency of asphaltene inhibition provide compelling evidence 
for long-term stability with high efficacy and suggest that this approach appears to be effective 
with increasing release time. From the data in Figure 7, it is apparent that, for asphaltene with 
DBSA NEs after 24 h of aging, the A.I % increases with time (i.e. increasing from 15 to 84.12 % 
gradually) due to the release effect, while for asphaltene with 4 vol. % DBSA the A.I % 
decreases with time (i.e. decreasing from 89 % to 79.3 %). Consequently, it can be suggested 
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that the DBSA NEs provide cost-effective and long-lasting stability, and this is invaluable 
method to control asphaltene precipitation. 
 
Figure 6: Separability number and average transmission for asphaltene, 4 vol. % DBSA, 20 vol.% 
blank NE, and 20 vol.% DBSA NE. 
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Figure 7: The percent of inhibition (A.I %) for asphaltene with 4 vol. % DBSA, blank NEs, and 
DBSA NEs with time. 
3.2. The effect of DBSA NEs on the size and morphology of asphaltene  
To validate the effect of DBSA NEs on the sizes of asphaltene precipitates, samples were 
collected from both the bulk and the bottom of sample (i.e. sediment bed) for asphaltene in the 
presence and absence of DBSA NEs after 24 h of aging time in order to measure particle sizes 
using DLS. We found that the asphaltene bulk contains fine particles of 5 ± 20 nm, suggests that 
all larger particles in the bulk are precipitated down towards the bottom of sample. Whilst the 
sediment bed showed formation asphaltene precipitates into larger structures within the ranges of 
1000 ±3073 nm. On the other hand, asphaltene solution with DBSA NEs is found containing 
small particles of 10 - 60 nm in the bulk, suggests that DBSA NEs make the bulk more size 
polydisperse than asphaltene without DBSA NEs. Moreover, the sample taken from sediment 
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bed shows no significantly change in asphaltene particle sizes, this may due to the stability of 
sample without sedimentation or precipitation. It can be seen in Figure 8 (a and b) that the size 
distribution of the asphaltenes particles in both bulk and sediment bed were narrower compared 
with asphaltene without DBSA NEs, that also is evidence to indicate that the DBSA NEs are able 
to reduce asphaltene particles from precipitate and form a good dispersion in the medium. The 
data presented in Figure 8 b also confirmed that using 4 vol. % DBSA and 20 vol. % of DBSA 
NEs gave nearly the same values of particle sizes and size distribution of the asphaltenes in both 
bulk and sediment bed. These findings are broadly consistent with the data collected using the 
Turbiscan and with those obtained by Mansur et al. [33]. Table 2 shows the particle sizes and 
polydispersity index data of both supernatant and sedimentation bed for asphaltene with and 
without 4 vol. % DBSA and 20 vol. % DBSA NEs after 24 h. 
The release mechanism is supported by the evidence of the transmission electron microscopy 
that the DBSA NEs were firstly added to the dispersion of asphaltenes under shear action in a 
homogenizer until complete incorporation of the DBSA NEs into the oil phase. The water phase 
which contains nanodroplets forms a layer around the asphaltene particles [23, 24]. 
Nanodropletes adsorb on asphaltene particles due to its high lipophilicity and higher affinity to 
the asphaltene. Eventually, the DBSA inside NEs can be slowly released to interact with 
asphaltene clusters, and hence the larger asphaltene particles are reduced and kept well-stabilized 
in the bulk. Figure 9 shows the optical and transmission electron microscopy at different steps of 
asphaltene stability via slowly release of DBSA from NEs.  
Although the proposed mechanism is well presented and evaluated by the effect of DBSA NEs 
on the asphaltene particle size, more validation about its effect on the morphology is still 
demanded. Figure 9 c presents the micrographs of asphaltenes in 60:40 Heptol solution with and 
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without DBSA NE after 24 h of releasing test. Without DBSA NE, large asphaltene clusters 
interacted with each other and grew into asphaltene precipitates to form rodlike shape structures. 
However, DBSA NEs are able to reduce asphaltenes from precipitate to spherical nanometric 
particles having a diameter of around 5 to 30 nm with a large stacking distance (dm) between 
aromatic rings of asphaltene about 0.389 nm. It is evident that these results are in good 
agreement with those obtained by DLS. A possible explanation for this might due to very strong 
intermolecular interactions, which provide a complete coverage of the individual aggregates to 
interact with both all periphery and aromatic cores of asphaltenes. This explained why DBSA 
NEs favored the formation of nanoaggregates with spherical rather than rodlike shape structures. 
However, the formation of rodlike shape structures is might be contributed to the onset of 
asphaltene precipitation is near 60:40 Heptol, in excellent agreement with recent studies [33 35]. 
These rodlike shape structures have an average size of 500 nm, while the spherical particles 
equivalent size of these structures is approximately 10 nm in the same volume ratio of Heptol. 
This indicates that DBSA NEs are able to delay the precipitation onset in 60:40 toluene/heptane 
solutions.  
Table 2:  Particle sizes and polydispersity index data of both supernatant and sedimentation 
bed for pure asphaltene and asphaltene with 4 vol. % DBSA and DBSA NEs after 24 h. 
 
 
 
 
Sample Size (nm) PdI 
Asphaltene (bulk) 5.577 0.570 
Asphaltene (sediment bed) 3019 0.350 
Asphaltene with 4 vol. % DBSA (bulk) 28 0.200 
Asphaltene with 4 vol. % DBSA (sediment bed) 95 0.293 
Asphaltene with DBSA NE (bulk) 19 0.120 
Asphaltene with DBSA NE (sediment bed) 58.44 0.223 
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Figure 8: Size distribution data of both bulk and sedimentation bed or interface for (a) asphaltene, 
and (b) asphaltene with DBSA NEs and 4 vol. % DBSA. 
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Figure 9: (a) Schematic diagrams of different steps of asphaltene stability via slow release DBSA 
from NEs; (b) optical and electron microscopy images of the asphaltene with DBSA NEs. The 
micrographs correspond to different times and are chosen to illustrate the release effect; (c) the 
effect DBSA NEs on the shape and size particles. 
(c)  
Formation stabile sphere particles 
(after 24 h) 
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Slow release of DBSA from NEs 
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2 µm 
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3.3. Kinetic study of inhibitor release through the dialysis membrane 
The kinetic processes of inhibitor transport and release through the dialysis membrane are 
examined for two cases: NEs loaded DBSA and DBSA directly dissolved in xylene. This 
procedure is similar to drug release in the area of nanomedicine by using the dialysis bag method 
[26-28] (see Section 2.4). The rate of DBSA released through the dialysis membrane was 
measured for both cases at different DBSA concentrations: 1 vol. %, 2 vol. %, 3 vol. %, and 4 
vol. %, as shown in Figure 10. At low concentration (1vol. %), it is noticed that the transport of 
DBSA from xylene shows initial burst behaviour during the first three hours followed by a 
steady transport through membrane for the following 22 hours, which means that the inhibitor 
transport is not completely controlled. Initial burst behaviour kinetics and uncontrolled transport 
through membrane are very common in the use of drug directly with oil [26,27,36]. This 
behaviour could cause aggregation near the wellbore, leading to a large amount of chemicals loss 
inside reservoir, resulting in high treatment cost. The data presented in Figure 10b confirmed that 
the beneficial effect of NEs for controlled DBSA release as compared to the burst and 
uncontrolled DBSA transport from xylene. It is clear that DBSA NEs demonstrated lower DBSA 
release at initial time points in comparison with DBSA in xylene, ascribable to the use of mixed 
surfactants, which offers a physical barrier to inhibitor release from NEs and efficiently control 
its release. Moreover, the slower release rate from DBSA NEs with mixed surfactants could be 
attributed to small size of DBSA NEs (i.e., 21 nm), which can provide a high surface area of the 
system. In fact, higher surface area means more surfaces from which the inhibitor can be 
released. Therefore, the relatively small burst release and higher sustained release rate of DBSA 
from NEs can be achieved. However, our results also suggest that the cumulative release or 
transport of DBSA clearly depend on the amount of inhibitor. The release profiles of DBSA from 
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NEs tend to decrease as the DBSA concentration increased. This may have been due to droplet 
growth with increasing the concentration of DBSA inside NEs, which means appreciable amount 
of DBSA is not released from the droplets into the acceptor media. Similarly, the transport 
profiles of DBSA molecules from xylene decrease as the DBSA concentration increased in 
xylene. The drop in the transport profiles of DBSA with increasing the inhibitor concentration 
may have been due to the formation of large molecules in the donor compartment. Table 3 shows 
the influence of DBSA concentration and droplet size on the total amount of DBSA released or 
transported for both cases.  
 
 
 
 
 
 
 
 
 
 
 
(A) 
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Figure 10: Release or transport profiles of DBSA through the dialysis membrane from (A) 
xylene and (B)DBSA NEs. 
 
Table 3: Influence of DBSA concentration and droplet sizes on the cumulative of DBSA 
released % through the dialysis membrane after 24 hr. 
 DBSA NEs  DBSA in xylene 
DBSA concentration 
(vol. %) 
d (nm) PDI Zeta potential 
(mV) 
DBSA released 
(%) 
DBSA transported 
(%) 
1.0 21 0.19 -33 99.0 13.7 
2.0 93 0.21 -34 87.6 12.25 
3.0    135 0.36 -33 72.2 11.65 
4.0 274 0.44 -30 67.2 11.15 
 
(B) 
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In the dialysis membrane testing, there are two kinetics steps involved in the total inhibitor 
release: 1) the inhibitor is released from the NEs to the medium inside the donor (k1, see Figure 
11a & b), and 2) the released inhibitor inside the donor diffuses across the membrane to the 
acceptor due to concentration gradient and its high affinity for oil phase in the acceptor (k2, see 
Figure 11a & b). On the other hand, a poor membrane permeation of DBSA from xylene in 
comparison to DBSA NEs clearly indicated a higher intermolecular interaction between DBSA 
and xylene in the donor media; this may result in aggregation and formation of self-assembly in 
the donor compartment (k3 DQGíN3, see Figure 11b). This could explain why the accumulative 
DBSA transported through membrane is small in the case of using DBSA in xylene.  
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Figure 11: Schematic of the kinetic processes of inhibitor transport and release through the 
dialysis membrane for (a) DBSA NEs and (b) DBSA in xylene. [A] ± DBSA concentration in the 
NEs, [B] ± DBSA concentration in the in the donor, [C] ± inhibitor concentration in the receptor, 
and [D] ± DBSA concentration in the donor. K1 is the diffusion rate constants of inhibitor inside 
the dialysis bag, K2 and - K2 are the diffusion rate constant of inhibitor through a dialysis 
membrane to receptor, and, K3 is the diffusion rate constant of inhibitor at formation aggregates 
in the donor. 
 
It is essential to study the release kinetics for a better understanding the efficacy of NE to deliver 
and release DBSA. The selection of a suitable kinetic model for fitting the inhibitor release data 
helps determine the release characteristics. There are number of kinetic models, which describe 
the overall release of drug from the carrier [26-28]. The most common mathematical models 
used in this study to investigate the release of DBSA from NEs and DBSA transport from xylene 
through the dialysis membrane are presented in Table 4. 
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Table 4: The kinetic model parameters fitting to the DBSA release or transport results. 
Models Mathematical models Parameters DBSA in NEs DBSA  
in xylene 
Zero-order D? ൌ D?଴ ൅ D?଴Ǥ D? R2 
K0 
0.98151 
0.000627722 
0.96981 
0.0000949912 
First order tKF   1)1(ln  R2 D?ଵ 0.61938 0.00251      0.97217 0.000102931   
Higuchi D? ൌ D?଴ ൅ D?ு Ǥ D?ଵȀଶ R2 D?ு 0.98204 0.02585      0.97142 0.00389      
Korsmeyer-Peppas D?௧ ൌ D?଴ ൅ D?ு௉Ǥ D?௡ R2 D?ு௉ 
n  
0.99805 
0.00628     
0.68991  
0.96414 
0.000768552     
0.51113     
Baker-Lonsdale   
 
 ?Ȁ ?ሾ ? െሺ ? െ D?D?ሻଶଷሿ െ D?௧ ൌ D?஻௅D? R2 D?஻௅ 0.72421 0.000328911      0.96702 0.000110438     
Hixon-Crowell   ? െሺ ? െ D?௧ሻଵଷ െ D?௧ ൌ D?ு஼D? R2 D?ு஼ 0.88113 0.00045031      0.97146 0.0000333992      
Square root of mass 
 
 ? െሺ ? െ D?௧ሻଵଶ െ D?௧ ൌ D?ௌோD? R2 D?ௌோ 0.95244 0.000534237      0.97107 0.000049432      
Three seconds root of 
mass 
 ? െሺ ? െ D?௧ሻଶଷ ൌ D?்ௌD? R2 D?்ௌ 0.98463 0.000582836      0.97067 0.0000650347      
where: D?௧í the amount of drug released in time t,  D?଴ : the initial amount of drug, D?଴: zero order kinetic constant, D?ଵ B? first order kinetic constant, D?ு : Higuchi kinetic constant, D?ு௉: Korsmeyer-Peppas release constant, D?஻௅ǣBaker-Lonsdale release constant, D?ு஼:  Hixon- Crowell release constant,   
 27 
D?ௌோ : Square root of mass release constant,   D?்ௌ : Three second root of mass release constant,               
n: diffusional release exponent, 
t: time. 
It can be seen from the data in Table 4 that the best kinetic fit of DBSA release from NE was 
described by Korsmeyer-Peppas model, also confirmed by the coefficient of determination, R2 = 
KLJKHVWYDOXH7KHSDUDPHWHU³Q´LQ WKH.RUVPH\HU-Peppas equation is related to the 
mechanism of release of the inhibitor, i.e. if the exponent n < 0.43, then the release mechanism is 
Fickian diffusion, if 0.43 < n < 0.85, then it is non-Fickian or anomalous diffusion and an 
exponent value is 0.85 or greater is indicative of Case-II Transport or typical zero-order release 
[37,38]. In this case, DBSA NEs give a value of n of 0.68, so their release mechanism followed a 
non-Fickian or anomalous diffusion. This suggested there is a strong interaction among DBSA 
molecuOHV DQG WKH 1(¶V FRPSRQHQWV ZKLFK FRQILUPV WKDW WKH '%6$ LV UHOHDVHG VORZO\
dependent on the inhibitor concentration in the NE. A slow release DBSA from NEs overtime 
can provide long-lasting stability and minimize the amount of inhibitor. Therefore, this result 
clearly highlights that DBSA NE systems can act as better inhibitor carrier for controlled release 
of DBSA with a prolonged release profile. This data is in accordance with a large number of 
recent drug release studies Rodríguez-Burneo et al. [39], Alvarado et al. [40], which showed that 
the Korsmeyer-Peppas model best describes a release process of drugs. 
On the other hand, in the case of using DBSA in xylene, the DBSA transported profiles through 
the dialysis membrane could be best explained by first order or Higuchi models. Both regression 
lines are characterized by higher R2 values than initial (R2> 0.97). This indicates an initial burst 
transport of DBSA from xylene; however, no significant cumulative transport efficacy is 
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achieved. This result is in agreement with those obtained by Miastkowska et al. [41], and 
Nanjwade et al. [42], who suggested that the release oil soluble drug from the oil phase could be 
best explained by Higuchi or first order. Figure 12 (a and b) shows the release profiles of 1 vol.% 
DBSA from NEs and fitted to the Korsmeyer-Peppas mode, and the transport profiles of 1 vol. % 
DBSA from xylene and fitted to the first order mode. All the kinetic models fitting to the DBSA 
release from NEs and xylene through the dialysis membrane are illustrated in S2 in the 
Supplementary Information. 
 
 
 
 
 
 
 
 
 
 
 
(A) 
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Figure 12: (A) The release profiles of 1 vol.% DBSA from NEs and fitted to the Korsmeyer-
Peppas mode (n = 0.68), and (B) The transport profiles of 1 vol.% DBSA from xylene and fitted 
to the first order mode. 
3.4. Relationship between DBSA released from NEs in asphaltene solution and its release 
through membrane  
The relationship between the Turbiscan technique data (% transmission, see Figure5) and 
membrane dialysis method data (% cumulative of DBSA released, see Figure 10B) was 
correlated at the same time points (point-to-point) without any change in the time scale. The 
release profile of DBSA from NEs through membrane was confirmed by deconvolution to the 
Korsmeyer-Peppas model.  The main objective to use this methodology (see Section 2.6) is to 
support our proposed mechanisms: the asphaltene stability with DBSA NEs and the kinetic steps 
(B) 
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of inhibitor transport/release through the dialysis membrane, as discussed in Sections 3.2 and 3.3 
respectively. This methodology can also be employed to establish release specifications and to 
support and/or validate the use of release methods. A good correlation is a tool for predicting 
asphaltene performance and stability based on kinetic release data of AI through membrane. 
It is interesting to note that a second order polynomial correlation is found between % 
cumulative release obtained from the membrane dialysis method (X) and % transmission 
obtained from Turbiscan technique data (Y) with a correlation coefficient (R2) of 0.9315 (Figure 
13). This may indicate a strong correlation between the two methods. It can also be observed that, 
up to 3h, light transmission can increase along the measuring cell because the settle down of 
some asphaltene clusters, and the corresponding cumulative release of DBSA was about 15 %, 
which can not affect asphaltene clusters. There is, however, after 4 h, the transmission dropped 
progressively when the release rate increases, confirming that small particles are formed, and 
therefore this is an indicator of keeping the asphaltenes well-solubilized in the solution, which is 
in perfect agreement with data obtained by particle size measurements. The good correlation 
among the measurements obtained by the different techniques indicates that this methodology is 
useful to quantify the time needed for the release to occur and to determine the minimum AI 
concentration that starts to interact with asphaltene. Furthermore, from the data in Figure 13, it 
has been able to provide a robust evidence for supporting the above proposed release mechanism 
(see Section 3.2). The proposed mechanism, based upon the release of DBSA and components 
from NEs and their influence on transmission within 24 h, suggests that the release kinetic can be 
occurred within three stages: 1) the first plateau corresponds to the adsorption of self-assembled 
asphaltene at the interface; 2) DBSA NEs adsorption at interface induced release of entrapped 
DBSA, and 3) the breakage of clusters into the bulk due to the release DBSA NEs components.  
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Figure 13: The relationship between the transmission and cumulative DBSA released. This plot 
presents schematic of a possible mechanism of DBSA NEs adsorption at interface induced 
release of entrapped DBSA. The first plateau corresponds to adsorption of self-assembled 
asphaltene at the interface. However, with time, the asphaltene undergo disassembly (break 
down clusters) into the bulk due to release DBSA NEs components, and the final transmission 
decreased corresponds to the increase the release rate. 
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4. Conclusions 
This is the first attempt to develop the concept of controlled delivery of asphaltene inhibitor by 
using NEs. Both in situ and kinetic release experiments confirmed the validity of the new 
concept:  
x The DBSA and other components are progressively released from NE and interact with 
asphaltene molecules, increasing the stability of asphaltene. 
x DBSA NEs can significantly increase the efficiency of asphaltene inhibition by 84.12 % 
after 24 h, showing its effectiveness with increasing release time.  
x DBSA NEs are able to reduce asphaltenes from precipitate to spherical nanometric 
particles (5 to 30 nm), delaying the onset of asphaltene precipitation. 
x The rate of DBSA released through the dialysis membrane increases as the droplet size 
decreases, which is attributed to the increase in the surface area of the NEs. 
x The released amount of DBSA was much higher from NE (99 %) than form the xylene 
(13 %). The release profile of DASA NEs follows that Korsmeyer-Peppas mode kinetic 
model.  
x The strong correlation between % DBSA released and % transmission clearly indicated 
the possibility of predicting the release time and the minimum DBSA released amount 
based on the kinetic processes of inhibitor release through the dialysis membrane studies. 
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x There is a significant advantage in using NEs loaded DBSA to achieve prolonged 
asphaltene treatment with reduced amount of inhibitor, rather than directly mixing DBSA 
in xylene.  
x It suggests that direct treatment of asphaltene with DBSA in both upstream and 
downstream should be avoided and there is not extended and efficient treatment effect.  
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